I. INTRODUCTION
The so-called "greenhouse effect" is essential to maintaining a climate that is hospitable to life on Earth as we know it. This Resource Letter describes Earth's natural greenhouse effect. A companion Resource Letter (GECC-2) examines the increase in the greenhouse effect due to human activity, denoted here as the intensified greenhouse effect. This intensified greenhouse effect, the major cause of the change in Earth's climate that has occurred over the industrial era, is expected to continue over at least the next several centuries. As the greenhouse effect exerts a major effect on Earth's radiation budget, it is necessary to quantify the several fluxes that contribute to this budget to provide context to the examination of changes in that budget due to the intensified greenhouse effect.
Before examining Earth's energy budget and the greenhouse effect, it may be instructive to consider a paradox regarding the energy budget of a human being. The nominal standard daily energy intake for an adult, 2000 Calories (kcal), corresponds to 8.4 Â 10 6 JÁday -1 or 100 W. Now consider a human being as a blackbody radiator; an emissivity of unity is a good approximation in the thermal infrared region of the electromagnetic spectrum. For a body temperature of 37 C or 310 K, the emitted radiative flux density is about 500 WÁm . Approximating the human body as a cylinder and calculating the surface area of an adult as 1 m 2 (2-m high Â 0.5 m circumference) results in an emitted power of 500 W, well more than the caloric intake. How can this be? While we are radiating 500 W, our warm environment is radiating back at us. Hence, the net rate of loss of energy by radiation is a small fraction of the gross emission rate calculated by the Stefan-Boltzmann law.
The phenomenon just described is analogous to what takes place in Earth's climate system. Shortwave solar radiation from the Sun transmitted through the largely transparent atmosphere reaches the Earth's surface where it is absorbed, heating the surface. As detailed below, the gross radiative flux density emitted by the surface of the planet (land, water) greatly exceeds, on global and annual average, the input radiative flux density received from the Sun, just as the thermal infrared radiation emitted by a person greatly exceeds his or her caloric intake. The radiation emitted by the Earth's surface in the thermal infrared, where the atmosphere is much less transparent, is absorbed by the atmosphere, which is thereby heated and in turn radiates, in part downward toward the surface. This downwelling infrared radiation from the atmosphere to the surface greatly diminishes the net upward infrared flux from the surface relative to the gross blackbody flux, diminishing the radiative cooling of the surface, thereby increasing the surface temperature, and resulting in the emitted thermal infrared radiation by the surface greatly exceeding the incoming solar radiative flux. This phenomenon is called the greenhouse effect, based on the erroneous supposition that a greenhouse maintains its warmth by absorption and downward emission of longwave radiation from the glass surfaces. 1 This Resource Letter examines the greenhouse effect of Earth's climate system; the companion Resource Letter (GECC-2) examines the intensified greenhouse effect, the increase in the greenhouse effect during the Anthropocene epoch. The term "Anthropocene," introduced by 1995 Nobelist for atmospheric chemistry Paul Crutzen, 2,3 is now widely used to characterize the epoch of Earth's geological history that began with industrialization some 200 years ago. Examination of the greenhouse effect requires considerable understanding of Earth's climate and the processes that control it. The focus here is physical processes. Although these physical processes cannot be wholly separated from chemical and biological processes, much insight is gained by looking at the climate system as a physical system. Much attention is directed to the global scale radiation budget and the greenhouse effect and its influence on surface temperature. GECC-2 examines perturbations in the global radiation budget due to the incremental amounts of atmospheric infrared-active gases (greenhouse gases or GHGs) resulting from human activities and resulting perturbations in global temperature.
Sources and References. A broad and detailed examination of present understanding of the climate system and climate change is given in the several Assessment Reports of Working Group I of the Intergovernmental Panel on Climate Change (IPCC). The most recent report, the Fifth, 4 was published in 2013; the Fourth report 5 occasioned award of the Nobel Peace Prize to the IPCC. These reports, which are freely downloadable on the web, are essential references for any student of climate and climate change. Several texts that might serve as an introduction to the climate and to the physics of climate are noted in Refs. 6-13. A hypertext history of the development of understanding of the greenhouse effect and climate change more generally by Weart, 14 which supplements his very readable book, may be accessed at http:// www.aip.org/history/climate/index.htm. Citations to the primary and secondary literature given in this Resource Letter are intended to be of historical and pedagogical value, as well as to lead the reader to the research literature without attempting to be exhaustive. An earlier pedagogical reference 15 is also noted. Geophysical data. Many data sets pertinent to climate and climate change are available on the internet, far too many to list exhaustively. NASA's Clouds and the Earth's Radiant Energy System (CERES) project 16 provides measurements of short-and longwave radiant fluxes at a variety of spatial and temporal scales. Measurement-based temporal and spatial data of Earth's surface temperature are maintained by NASA, NOAA, and the Climatic Research Unit of the University of East Anglia. [17] [18] [19] Meteorological reanalysis data are available from NOAA 20 and the European Center for Medium Range Weather Forecasts. 21 The World Data Center (WDC) for Paleoclimatology 22 maintains archives of ice core data from polar and low-latitude mountain glaciers and ice caps throughout the world. Additional data sets pertinent to climate change over the Anthropocene epoch are noted in Resource Letter GECC-2.
Organization of this Resource Letter. Section II presents an overview of Earth's radiation budget and emphasizes that to good approximation Earth's climate system can be characterized as a steady state. Section III provides a brief overview of Earth's climate system with emphasis on thermal structure of the atmosphere as a function of altitude pertinent to the greenhouse effect. Section IV deals with the role of the greenhouse effect on Earth's climate and identifies the key GHGs.
Resource Letter GECC-2 introduces the concept of radiative forcing of climate change, examines increases in GHGs over the Anthropocene epoch and the resultant radiative forcings, describes climate system response to these forcings, introduces the climate sensitivity concept that relates forcings to observed temperature changes, and examines implications for prospective future climate change.
Supplementary Notes (SN) in the online version of this Resource Letter provide detail or lend perspective, as follows.
SN1. The consequences of a global energy imbalance SN2. Why are water vapor and carbon dioxide strongly infrared-active whereas nitrogen and oxygen are not? The roles of quantum mechanics SN3. Correlations between climate properties and greenhouse gases over the glacial ice ages Earth's climate, a dynamic, chaotic, near-steady-state system, is driven almost entirely by absorption of solar energy. This energy heats the planet and is responsible for climate and weather: wind, ocean currents, rain and snow, and temperature. "Near steady state" means that the energy introduced into the system is balanced, almost exactly, by energy leaving the system. Here "almost exactly" means that the difference is very small relative to the quantity of interest. Satellite measurements confirm, on global and annual average, the near equality of the absorbed power (from the Sun), denoted as shortwave energy, and the emitted power (in the thermal infrared), denoted as longwave energy. Conveniently, these two spectral ranges, calculated according to the Planck radiation law for black bodies [Ref. 23; Max Planck, Nobel Prize 1918] at 5770 K and 255 K, respectively, are almost completely non-overlapping (Fig. 1) . This lack of overlap simplifies the discussion and facilitates measurements of the different components. For the rate of absorption of solar energy normalized to the surface area of the planet, Q, and for the rate of emission of thermal infrared energy, similarly normalized, -E (the sign convention is that positive denotes heat into the climate system), then to good approximation on global and annual average,
That is, the system is approximately in steady state, with the magnitudes of the individual terms greatly exceeding the net rate of energy uptake or loss. The rate of energy absorption, Q, is very nearly equal to one fourth of the so-called "solar constant," J S , times the planetary co-albedo, c,
The factor of 1/4 is geometric, the ratio of the area of the planet to that of the subtended disk being almost exactly 4. 27 Considering the planet as a black body in the thermal infrared, permits a radiative temperature, T toa , at the top of the atmosphere (TOA), to be calculated by the Stefan Boltzmann radiation law
Solving for T toa gives about 255 K, which is the temperature one would ascribe to the planet if measuring its thermal emission from space. Such a temperature would imply that Earth is a frozen planet. The difference (32 K) between the radiative temperature of the planet, 255 K, and the global mean surface temperature (GMST, T s ), 287 K, is a consequence, or measure, of Earth's greenhouse effect. That the emitted surface flux exceeds the absorbed radiant energy was recognized by Fourier as early as the 1820s. Fourier correctly attributed the elevated temperature at Earth's surface in part to the lack of transparency of the atmosphere to thermal radiation, in contrast to its transparency to visible radiation. 29 This hypothesis was confirmed by Tyndall, 30 who established that downward emission of infrared radiation is due to trace gases in the atmosphere, principally water vapor and carbon dioxide. Tyndall drew the analogy that "As a dam built across a river causes a local deepening of the stream, so our atmosphere, thrown as a dam across the terrestrial rays, produces a local heightening of the temperature at the earth's surface." Thermal infrared radiation emitted at the surface is absorbed by infrared-active gases in the atmosphere and by clouds. These gases and clouds emit in the thermal infrared and some of the emitted power is returned to the surface of the planet, thus increasing the surface temperature to a value greater than it would be absent this greenhouse effect.
B. Global energy balance
As noted above, the global, annual average of the longwave irradiance emitted at the TOA is virtually equal to that of the absorbed shortwave irradiance. Why should this be? If for some reason the absorbed shortwave irradiance were to increase, planetary temperature would increase, increasing the outgoing longwave irradiance and restoring the balance. There is thought to be a very slight imbalance in the net irradiance at the TOA in natural climate system, even at steady state, due to non-radiative energy sources, mainly natural radioactive decay and the release of gravitational potential energy of the solid Earth; these and other, very minor terms in Earth's radiation budget are examined in Ref. 31. A contribution to energy imbalance of the planet has been imposed by changes in atmospheric composition over the past 250 years (examined in Resource Letter GECC-2). In principle, the net energy uptake by the planet, the difference between absorbed shortwave and emitted longwave radiation integrated over the planet
might be measured from space. However, the energy imbalance is well less than the present accuracy of satellite measurements (about 6 3 WÁm
À2
), 27 so the assertion of global near equality of absorbed shortwave irradiance and emitted longwave irradiance rests more on the consequences of an imbalance, a heating or cooling of the planet, than on measurement (SN1). From measurements mainly of the change of ocean temperature over the past several decades, it is estimated that the net planetary energy imbalance is about 0.5 WÁm À2 (Ref. 4, Box 3.1). Naturally caused fluctuations result from identified causes (variations in solar irradiance and short-lived increases stratospheric aerosols due to volcanic eruptions) and internal variability of the climate system (e.g., El Niño).
C. Earth's energy budget
Current estimates of global and annual means of the several fluxes that comprise Earth's energy budget, averages of quantities that vary greatly in space and time, are shown in Fig. 2 . The global mean thermal infrared radiative flux emitted at the surface, calculated by the Stefan-Boltzmann law for a GMST 287 K with emissivity taken as unity, is 385 WÁm À2 . One measure of the greenhouse effect is the difference between longwave flux emitted at the surface (385 WÁm
À2
) and that exiting at the top of the atmosphere, $145 WÁm À2 . The radiative flux from the surface is augmented by a further 110 WÁm À2 by transfer of latent heat (evaporation of water that condenses in the atmosphere and is returned to the surface as precipitation) and sensible heat (enthalpy, transferred by conduction and/or convection). Much of the power emitted at the surface is returned to the surface by downwelling longwave radiation from the atmosphere to the surface. Referring the emitted longwave energy flux at the TOA, -E, to the GMST, T s , permits definition of an effective emissivity of the planet e such that
For the surface emitted flux, 385 WÁm
, and -E ¼ 240 WÁm
, the effective planetary emissivity, e ¼ 0.62. This emissivity is likewise a measure of the magnitude of Earth's greenhouse effect. These considerations establish the importance of the greenhouse effect in Earth's climate system. Also shown in Fig. 2 are estimates of the one-sigma uncertainties in the several flux terms, although historically such uncertainty estimates have proved to be optimistic. 32 Based on these considerations, the climate system must be viewed ) between the atmosphere and space, and between the atmosphere and the Earth surface. Satellite-measured quantities and associated uncertainties are in italics; remaining fluxes are calculated with 1-r uncertainty estimates. Shortwave (solar) fluxes are shown in light gray (tan; color online); longwave (thermal infrared) fluxes in dark gray (red; color online); sensible and latent heat from surface to atmosphere in medium gray (green; color online); non-radiative sources (natural radioactive decay, gravitational collapse, fossil fuel combustion, nuclear energy) in medium gray (magenta; color online). TOA, top of atmosphere; SW, shortwave; LW, Longwave; CRE, cloud radiative effect; sfc, surface. Modified from Ref. 32. as in very close energy balance at the top of the atmosphere, in the atmosphere itself, and in the upper, mixed layer of the world ocean.
Although depictions of global and annual mean energy fluxes such as Fig. 2 are useful to set the scene by showing the magnitudes of these fluxes, they do not display the large variability characteristic of these quantities. The several terms in Earth's energy budget exhibit substantial seasonal variation, up to 15 WÁm À2 , even at global mean, a consequence mainly of the eccentricity of Earth's orbit, the obliquity of its rotational axis, and hemispheric asymmetry in the oceans. In contrast, the interannual variability is quite small, less than 1 WÁm À2 over a decade of high quality measurements from space. 27 Any changes in Earth's climate in response to externally imposed perturbations would be manifested in changes in the several radiation terms in addition to changes in surface temperature and ocean heat content. These seasonal variations, which are large compared to the forcings imposed on the climate system over the Anthropocene epoch, serve as further backdrop for examination of climate change and are indicative of measurement and modeling challenges that face the climate change research community.
Radiative fluxes other than at the TOA exhibit substantially greater uncertainties than fluxes at the TOA. The Stefan-Boltzmann law is used to calculate the longwave emission from the surface to the atmosphere, often using the global mean near-surface air temperature. Concerns over this approach are use of a global mean temperature versus more explicit consideration of spatial and temporal variation, use of the temperature of air (typically measured at 2 m) rather than that of the actual radiating element, the surface, and the usually tacit assumption that the surface emissivity is unity. 33 Atmospheric absorption of longwave radiation is estimated by radiative transfer calculations that take into account not only absorption by the long-lived GHGs, whose mixing ratios are more or less uniform as a function of location in the atmosphere, but also absorption by water vapor, whose mixing ratio is highly variable spatially and temporally (Sec. IV B), and by clouds, also highly variable. Calculating the absorption and emission of longwave radiation by water vapor and clouds relies on representation of water vapor and cloud amount, vertical distribution, and temperature obtained from meteorological reanalyses; these reanalyses consist of weather forecast models run retrospectively, constrained by observations, using much the same physics as in climate models. [34] [35] [36] Surface absorption of shortwave irradiance is estimated based on surface spectral reflectance, which is dependent on surface type, soil moisture, vegetation cover, and the like, and on the downwelling spectral irradiance incident on the surface, which is greatly influenced by the presence and nature of clouds, and thus highly variable, spatially and temporally.
Further terms in the radiation budget are transfer of latent and sensible heat from the surface to the atmosphere. Latent heat release is estimated from the precipitation rate, as the global rate of net evaporation (evaporation minus dewfall) is equal to the global rate of precipitation. The latent heat flux indicated in Fig. 2 (88 6 5 WÁm À2 ) corresponds to an annual and global mean precipitation rate of 1.1 6 0.06 mÁyr À1 . Despite satellite-based observations, there is still substantial uncertainty in global precipitation. Recent work suggests that current estimates may be low by 10% or more. 37 Sensible heat flux is based on model calculations that take into consideration surface wind stress (which depends on surface roughness and wind speed) and temperature gradient between atmosphere and surface, all of which quantities can be highly variable spatially and temporally.
D. Spatial and temporal variability
At high time-and space-resolution, upwelling radiative fluxes at the TOA are much more variable than in global and longer-term means, Fig. 3 . The figure illustrates the richness of the processes that govern absorption and emission of radiant energy from and to space. The local spatial structure is due largely to clouds, which are cold in the thermal infrared (because of the decrease in temperature with altitude) and bright in the shortwave. Notable is the intertropical convergence zone near the equator that is characterized by strong rising motion of the atmosphere is readily apparent in the Pacific. Contrast of bright land areas with adjacent ocean areas may be discerned. Likewise, the contrast between hotter land surfaces and adjacent oceans is readily discerned in the thermal infrared flux at the Persian Gulf. The figure illustrates the high dynamic range of the individual upwelling radiation terms, more than 1000 WÁm À2 in the shortwave and more than 300 WÁm À2 in the longwave. The instantaneous net daytime flux exhibits even greater dynamic range, $1300 WÁm
À2
. As this net flux is confidently thought to be less than 1 WÁm À2 on global, annual average, the large dynamic ranges of the several fluxes place stringent requirements on measurement accuracy. Although the instruments aboard the Sun-synchronous satellites that are the principal sources for Earth radiation budget data are quite accurately calibrated, current satellites sample only a limited portion of the diurnal cycle. Consequently, accounting for the full diurnal cycle requires that the rest of the diurnal cycle be filled in by measurements made with less-well calibrated instruments aboard geostationary satellites. Similar accuracy is thus required from those measurements and from models used to calculate diurnal averages. The results of such calculations are illustrated in panel d, which shows the smoothing that results from the summation of the several terms that is manifested in the reduced dynamic range of the data. This panel also illustrates the consequence of latitudinal transport of heat from equatorial regions (net absorption) to high latitudes (net emission).
A key strength of spatially resolved measurements is the ability to identify cloud-free regions and thus determine separately the irradiance from planet as a whole and from the cloud-free regions. The contribution of clouds to the shortand longwave irradiance components of the total upwelling flux, denoted cloud radiative effect, CRE, Fig. 2 , is determined by difference.
E. Spectral dependence
Yet another important dimension essential to describing Earth's energy budget is the spectral dependence of both the short-and longwave upwelling radiation. An examination of the latter, shown in Fig. 4 , is very instructive. This figure, which was obtained by an early infrared spectrometer in space, 38 shows the rich spectral structure associated with the upwelling longwave radiation, specifically for a location in a moist vegetated region in the Niger valley. For this location, the radiance at the TOA is bounded by a temperature profile that corresponds to the Planck function at 320 K. In the spectral regions 8-9 and 10-12 lm, where absorption by water vapor, CO 2 and other trace atmospheric gases is slight, the radiance at the TOA is approximately equal to that given by the Planck distribution for the surface temperature; (as the measured quantity is radiance, its numerical value is less, by roughly a factor of p, than that of irradiance given in Fig. 1 ). These regions are denoted "window regions" of the thermal infrared. The radiation temperature in these window regions, 320 K, is a fairly accurate measure of the local emission temperature of the surface, which substantially exceeds the local surface air temperature. Attention is called to the decrease in emitted radiation in the absorption bands of the GHGs water vapor, CO 2 , ozone O 3 , and methane CH 4 , a manifestation of the greenhouse effect (Sec. IV). These features correspond to infrared-active transitions between vibrational states of the molecules (and, for water vapor, rotational states). The radiation temperature associated with the absorption bands of the several GHGs is a measure of the temperature of the atmosphere at which the gases exert their greatest influence on emission of radiation to space. The altitude z to which the temperature corresponds (by Fig. 5 , Sec. III) is down from the TOA by approximately one unit of optical depth. The brightness temperature in Fig. 4 thus corresponds at each wavelength to the temperature at this altitude of peakemitted radiance. The overall reduction in emitted radiance due to the presence of the GHGs is about 40%. That is to say, the effective TOA emissivity relative to the StefanBoltzmann radiance at the surface temperature is about 60%, consistent with the value obtained above.
In contrast to the strong absorption due to the infraredactive trace gases, N 2 and O 2 , despite their much greater abundances, do not exhibit appreciable absorption in the thermal infrared, as electronic dipole vibrational transitions are strongly forbidden in homonuclear diatomic molecules because of quantum-mechanical symmetry considerations, SN2.
" €
Uber das gesetz der energieverteilung im normalspectrum," M. Planck, Ann. Phys. 309, 553-563 (1900). English translation "On the law of distribution of energy in the normal spectrum," http://www.to.infn.it/ 
III. OVERVIEW OF EARTH'S CLIMATE
The physical laws governing Earth's climate are few, but powerful:
• Conservation of matter, reflected in the continuity equation; • Conservation of energy, in all its forms: radiant, kinetic, potential, sensible, and, importantly, latent heat associated with phase transitions of water; • Newton's second law, represented by the Navier-Stokes equation relating the change in momentum (of parcels of air or water) to (principally) gravitational and viscous forces; • The Planck radiation law for black bodies; • Kirchhoff's law equating spectral absorptivity and emissivity; and • The ideal gas law.
To these physical laws must be added material properties, such as the fluidic, thermal, and spectral properties of water and Earth-specific properties such as the amount of water in the system, the salinity of the ocean, and the composition of the atmosphere. Important boundary conditions are the spectral irradiance of the Sun, orbital geometry, Earth's diameter and rotational speed, the shapes of continents, and the elevation of the land surface and the ocean floor. Also important is the spectral reflectance of Earth's surface, importantly including biological influences. These principal elements of Earth's climate are treated in Refs. 6-13. Set the system in motion and it evolves according to the several physical laws. That said, however, the climate system is highly nonlinear, with resultant strong sensitivity of its evolution to even slight changes in initial conditions. 39 This sensitivity limits the accuracy of any calculation of future state of the climate, necessitating solutions that are not expected to be accurate for a given date in the future but are thought to be accurate in the mean and other statistical properties. This statistical independence of initial conditions, which rests on a conjecture by Lorenz, 40 is widely assumed by climate scientists but is not proved and is the subject of much attention by mathematicians. 41 The principal constituents of the atmosphere are nitrogen, N 2 , (78%), oxygen, O 2 , (21%), and argon (1%) as mixing ratio (mole fraction) in dry air. The mixing ratio of water vapor is highly variable, from as great as 3% down to 10 À4 %, as governed by temperature and relative humidity. Other gases, present in trace amounts, play no appreciable role in the physical properties of the atmosphere such as density and viscosity, but play key roles in climate because of their influences on absorption and emission of radiation.
For the purpose of this Resource Letter, certain properties of Earth's present atmosphere and climate system are taken as givens, although some can be derived.
9,10,13 Key among physical properties of the atmosphere is temperature structure in the lowest two major compartments of the atmosphere, which are most pertinent to climate change: the troposphere and the stratosphere (Fig. 5) . The troposphere is more or less well mixed by convection. The rate of decrease of temperature with altitude in the troposphere (denoted lapse rate), about 6.5 KÁkm , is governed by the condition of neutral stability against vertical motion taking into account the latent heat of water condensation in addition to the heat capacity of air. The increase in temperature with increasing altitude in the stratosphere is due mostly to absorption of solar radiation, mainly by ozone; as warmer air is lighter than cooler air, the stratosphere is stable against vertical motion. The altitude of the tropopause, the boundary between the troposphere and the stratosphere, is about 16 km in the tropics, Fig. 5 , decreasing poleward to about 11 km in midlatitudes and 9 km at the poles.
Atmospheric pressure decreases from its value at the surface p(0) nearly exponentially with altitude, z, as
where M is the average molecular weight (molar mass) of air, 0.029 kgÁmol
À1
, g is acceleration of gravity, and R is the gas constant; here the ideal gas law has been employed to calculate mass concentration. The height of the atmosphere if it were compressed to sea-level pressure, 1 bar (1 Â 10 5 Pa), a measure of the scale height of the atmosphere, is about 8 km. If the atmosphere were isothermal, the scale height would be equal to RT/Mg ¼ 8.4 km for T ¼ 287 K. The troposphere and the stratosphere are more or less decoupled, as the increase in temperature with altitude in the stratosphere suppresses convective transport between the two layers. The circulation between the troposphere and the stratosphere is driven mainly by convection in the tropics and return of stratospheric air to the troposphere at high latitudes.
In addition to the climate system as a whole being in near steady state, each of its compartments is likewise in near steady state. Hence it is required that in each compartment uptake of energy via one process be balanced by loss via another process; estimates of the several energy fluxes shown in Fig. 2 are constrained by this requirement. Trace atmospheric constituents play essential roles by absorption and emission of radiation in maintaining the atmospheric and surface temperature. The energy budget of the stratosphere consists of absorption of solar radiation in the ultraviolet, mainly by ozone (O 3 ), balanced by emission in the thermal infrared, mainly by carbon dioxide (CO 2 ). Although the atmosphere is highly transmissive of solar radiation, near infrared absorption contributes to the energy budget of the troposphere. Solar radiation incident on and absorbed by the surface heats the surface; the surface loses this energy mainly by radiating in the thermal infrared, as a nearly black body. Absorption of this thermal infrared energy heats the adjacent atmosphere; this heating induces convection that tends to mix the troposphere vertically. In these two ways, radiative heating is responsible to first order for the vertical structure of atmospheric temperature. Energy is lost from the atmosphere mainly by thermal infrared radiation, to the surface or to space.
Another key compartment of the climate system is the world ocean. There is much more mass in the water of the ocean than in the air in the atmosphere; the mass of an atmospheric column is equal to the mass of the top 10 m of a column of seawater. Further, the specific heat of water is several times greater than that of air. Consequently, the heat capacity of an atmospheric column is equal to the heat capacity of a column of seawater that is just 2.5-m deep. The ocean is more or less well mixed to a depth of about 100 m, roughly the depth of penetration of the seasonal variation of air temperature. The atmosphere rapidly exchanges heat with the upper ocean, on a time scale less than a year; the exchange of heat between the upper ocean and the deep ocean is much slower than mixing in the upper ocean. Therefore, on the time scale of a decade or so, the effective heat capacity of the climate system is that of the top 100-200 m of the ocean, whereas on longer time scales the rate of climate change is governed by the rate of transfer of heat to the deep ocean. The world ocean thus serves as the flywheel of the climate system, tending to damp rapid fluctuations in the temperature of the atmosphere. In contrast, the change in heat content of land is much less important because of the lower specific heat and lower rate of heat transfer in solid Earth.
The physical, chemical, and biological processes that control Earth's climate must be represented in climate models, numerical representations of these processes. Such models are developed at a hierarchy of complexity, from energybalance models that give only a coarse representation of these processes to large-scale computer models that represent spatial and temporal (diurnal, seasonal) variation in many climate variables (wind, cloudiness, and precipitation) that are important in climate and climate change. Such models have resolution typically of 100 km or so in the horizontal and twenty layers each in the atmosphere and the ocean, thereby providing much detail. These models do a remarkably good job at reproducing many features of Earth's present climate. Development and application of these largescale computer models constitutes a major endeavor in current climate research with periodic intercomparisons of the models as to their performance in representing present and prior climate and changes that would result from prospective future changes in emissions. 43 A strength of the energy-balance models is their ability to provide a transparent representation of the large-scale processes and the underlying physical principles that govern the climate that is often difficult to get from large-scale models. 44 So called Earth system models of intermediate complexity reduce the number of processes and/or the detail of description, for example, to study responses to multiple alternative emissions strategies, with greater treatment of spatial and temporal variability than can be achieved with energy balance models and closer fidelity to large-scale climate models. 45 
IV. THE GREENHOUSE EFFECT A. Processes comprising the greenhouse effect
As noted in Sec. I, the greenhouse effect is central to the climate system of Earth (and also of Mars and Venus 46 ). Radiative effects of GHGs play a central role in climate change because of the increase in the greenhouse effect resulting from increases in amounts of atmospheric GHGs over the Anthropocene. It is thus essential to understand the greenhouse effect and its dependence on properties of the atmosphere. As the greenhouse effect is a consequence of absorption and emission of longwave radiation by an atmospheric constituent it depends on the local absorptivity (equal, by Kirchhoff's law of thermal radiation, to emissivity) and the local atmospheric temperature. Absorptivity is governed by the amount and wavelength dependent absorption coefficients of the greenhouse gases and other greenhouse agents (clouds and, to much lesser extent, aerosols).
The processes that comprise the greenhouse effect are illustrated schematically in Fig. 6. Panel (a) shows the situation in the absence of an infrared-active gas (or other absorbing substance) in the atmosphere. Thermal radiation is emitted at the surface. As there is no absorption or emission in the atmosphere, the upwelling longwave irradiance at the TOA is equal to the irradiance emitted at the surface. Panel (b) introduces a hypothetical downwelling emission source at the TOA at the same temperature as the surface, but still without an infrared-active gas in the atmosphere. Because the emitted flux from this hypothetical source is equal and opposite to the emitted flux at the surface, there is no net irradiance at the TOA. As all fluxes are matched by equal fluxes in the opposite direction, the system is in a state of dynamic equilibrium. The hypothetical source at the TOA is maintained in Panel c, to which a slightly absorbing infraredactive trace gas has been added to the atmosphere. The entire system is isothermal at the surface temperature and the system is still one of equilibrium. (The condition of the gas, or other substance, being optically thin is not essential here, but it avoids the complication of the radiation emitted by the gas being subsequently absorbed during its traverse through the atmosphere.) Radiation emitted at the surface is absorbed as it traverses the gas, diminishing this flux. At the same time, the gas is emitting a flux in the upward direction that is equal to the absorbed flux. This emitted flux cancels the decrease in upward flux due to absorption, so that the total upward irradiance is a constant with height. Likewise, the component of the downward irradiance from the hypothetical source is decreased by absorption, in exactly the same amount as the absorption of the upward flux. As with the upward flux, this absorption is compensated by a downward emitted flux from the gas, so that the total downward irradiance is constant with height as well. The net irradiance is zero at all heights, as it must be for an equilibrium system (equal and opposite fluxes on all paths).
In Panel (d), the infrared-active gas is still at the temperature of the surface but the hypothetical source at the TOA is no longer present. The upwelling irradiance is the same as in Panel c, (and indeed as in all the preceding panels) as this upwelling irradiance is unaffected by the downwelling irradiance. The absorption is compensated by emission so that the total upwelling flux is constant with height. There is no downwelling irradiance from the top but there is still a downward component of the irradiance emitted by the gas, the same as in Panel (c), as this emitted irradiance does not depend on the irradiance from the top but is a consequence only of the temperature and the emission properties of the gas. The downward emitted irradiance is equal to the upward emitted irradiance, which in turn is equal to the decrease in the upwelling flux from the surface due to absorption. Consequently, there is a component of downwelling irradiance at the surface that would not be present in the absence of the gas (compare Panel (a)), and a resultant decrease in the net irradiance at the surface. In this isothermal situation there is a surface greenhouse effect but no greenhouse effect at the TOA. It might be observed that more energy is exiting the system, than is entering it. Where does this energy come from? It is drawn from the heat reservoir of the atmosphere thereby resulting in a cooling effect locally that is due to the net radiation by the trace infrared-active gas. The situation is commonly characterized as one of local thermodynamic equilibrium. It is near thermodynamic equilibrium, but it is not a true equilibrium, as fluxes are not equal and opposite on all paths; it is a steady state. As the GHGs are extracting energy from the surrounding heat bath they must be (very slightly) cooler than the non-radiatively active gases that comprise the bulk of the local atmosphere.
Finally, Panel (e) depicts the non-isothermal situation, in which the infrared-active gas, higher in the atmosphere than the surface, is at a temperature lower than that of the surface. The absorption of surface irradiance is exactly the same as in Panels (c) and (d), as the absorption does not depend on the temperature of the gas. However, as the temperature is lower than in those cases, the thermal emission by the gas is reduced and no longer fully compensates the absorption of upwelling surface irradiance. Consequently, there is a reduction in the upwelling irradiance at the TOA from what it would be if the gas were at the same temperature as the surface (d) or if the gas were entirely absent (a). This is the topof-atmosphere greenhouse effect. Emission from the gas in the downward direction is likewise less than in the isothermal situation; the net irradiance from the surface is still diminished from what it would be in the absence of the gas (a) but not so much as in the isothermal situation (d). The net effect of the absorption and emission of radiation is local radiative cooling of the atmosphere, or at a temperature sufficiently low that emission is less than the power absorbed from below, radiative heating of the atmosphere. In the real world, maintaining steady state in the system requires that the energy that is radiated from the atmosphere in the longwave be restored. This is achieved in the troposphere mainly by convection of latent and sensible heat and in the stratosphere mainly by absorption of shortwave energy.
In summary the greenhouse effect induced by infraredactive gases consists of three elements.
• Downwelling longwave irradiance from the atmosphere to the surface, heating the surface and elevating the surface temperature; • A decrease in upwelling irradiance at the TOA; and • Radiative cooling and heating of the atmosphere, affecting the vertical temperature structure of the atmosphere.
The greenhouse effect at the TOA consists of two terms: absorption, which results in a decrease in outgoing longwave radiation; and emission, which results in an increase that is subtractive from the first term; As examined in an example developed in Resource Letter GECC-2, the two terms are comparable in magnitude, with the distribution between the two terms depending on the energy of the transition, but with the absorption term dominant.
B. Greenhouse gases in Earth's atmosphere
The principal greenhouse gases in Earth's atmosphere, in addition to water vapor, are carbon dioxide (CO 2 ), methane (CH 4 ), nitrous oxide (N 2 O), and chlorofluorocarbons (CCl 2 F 2 , CCl 3 F), all of which are long-lived in the atmosphere (decade to century). Such lifetimes are much greater than the time required for a gas to become well mixed within the atmosphere ($3 weeks in a given latitude band, $3 months hemispherically, 1-2 years globally). Hence, these gases are quite uniformly distributed in the atmosphere, with variations typically 10% or less, Fig. 7 . CO 2 exhibits seasonal variation due to seasonal uptake and release by terrestrial vegetation; this seasonal variation is greater in the Northern Hemisphere than the Southern Hemisphere because of greater land mass. Locally, near emission sources or in poorly ventilated vegetated canopies, CO 2 can exhibit considerably greater variation. Importantly, as examined in Resource Letter GECC-2, the atmospheric amounts of these long-lived GHGs, which are usefully considered controlled by processes external to the climate system, have increased substantially over the Anthropocene; such increases, evident even in the few years encompassed in Fig. 7(b) , are the basis for concern over the human-induced increase in the greenhouse effect.
It is important to distinguish water vapor from the longlived GHGs. Water in the atmosphere is present primarily as vapor (even in clouds). An effective upper limit to the partial pressure of water vapor partial pressure is set by the local temperature and the Clausius-Clapeyron equation. Over the global range of surface temperatures, À40 to þ35 C, the equilibrium partial pressure of water vapor varies by a factor of 400, and when the range is extended to tropopause temperature, 210 K, a further factor of 20.
The sources of atmospheric water vapor, evaporation of liquid water (and sublimation of ice) and transpiration through the leaves of vegetation, are highly variable in space and time. The rate of evaporation of water from liquid surfaces and moist soil depends strongly on temperature, relative humidity, wind speed, and local turbulence. The rate of transpiration is affected also by sunlight intensity and by water stress, which induces stomatal closure in plants. 47 The principal process whereby water is removed from the atmosphere is precipitation, which is intermittent, with condensation (dew, frost) a distant but non-negligible second. The release of latent heat as water vapor condenses warms the air, enhancing buoyant convection, and thus plays a large role in the dynamics and vertical transport of the atmosphere. Conversely, as air is warmed by compression during downward motion, evaporation of water cools the air, enhancing the downward motion or suppressing convection. Water vapor is short-lived in the atmosphere compared to other major GHGs, with a mean residence time, estimated as the typical amount of water in the atmosphere (equivalent to 2.5 cm of liquid water) divided by the precipitation rate (1 mÁyr À1 ) of 0.025 yr, or 9 days. Such a short residence time, together with the spatial variability of sources and temporal intermittency of removal processes, contributes further to the large spatial, Fig. 7(a) , and temporal variability of water vapor in the troposphere. Consequently, it is useful to consider water part of the climate system. The radiative effects of GHGs, including water vapor, can be calculated using models of varying complexity, depending on application. 46 The most detailed models explicitly represent infrared transitions on a line-by-line basis that includes representation of altitude dependence of collisionally induced broadening and representation of the water vapor continuum. A database of absorption line strengths of atmospheric gases is maintained for this purpose. 50, 51 Also necessary inputs to the radiation-transfer calculations are the mixing ratios of the several GHGs and the vertical structure of temperature and water vapor. These radiation-transfer models have been extensively evaluated under conditions for which the atmospheric structure of temperature and water vapor is accurately and independently measured. Departures of modeled and observed downwelling clear-sky fluxes, over a wide range of atmospheric states, are less than 1.5 WÁm -2 . 52 With confidence in these models, they can serve as the basis for formulating rapid radiation-transfer models that can be employed for calculating radiative effects of GHGs in climate models. 53, 54 Such radiation transfer models can also be used to examine questions such as the relative contributions of various atmospheric constituents to the greenhouse effect. About 50% of the total greenhouse effect in Earth's current atmosphere is attributed to water vapor, 25% to clouds, and 20% to CO 2 , with the remainder due to methane, nitrous oxide, ozone, and chlorofluorocarbons, with about 1% contribution from aerosols. 55 The strong coupling of the abundance of GHGs to Earth's climate is demonstrated in correlations between mixing ratios of CO 2 and CH 4 with other indicia of climate change, the ratios of trace isotopes D and 18 O to the principal isotopes H and 16 O in glacial ice cores. The most informative ice cores have been obtained in Antarctica, where there is an undisturbed record extending back 800,000 years, SN3. These correlations are perhaps the strongest body of evidence of the coupling between GHG abundance and climate state.
V. SUMMARY
This Resource Letter has examined the energy budget of Earth's climate system, calling attention to pertinent primary and secondary literature. The principal terms in this budget are absorption of shortwave (solar) radiation and emission of longwave (thermal infrared) radiation. Global mean shortwave absorption, quantified as global average at the top of the atmosphere, is the difference between incident solar irradiance, 340 WÁm À2 and reflected shortwave irradiance, 100 WÁm
À2
. This absorbed power is balanced by upwelling longwave irradiance, 240 WÁm
, likewise global average. This emitted radiative flux is much less than the longwave irradiance emitted at the surface (about 385 WÁm
, global average). The difference between these fluxes is a consequence of the so-called greenhouse effect, absorption of longwave radiation by trace species in the atmosphere, water vapor, CO 2 and other polyatomic molecules, and clouds. This difference in fluxes results in a return, longwave flux to the surface that is responsible for the global mean temperature at the surface, average roughly 287 K, being much greater than the radiative temperature at the top of the atmosphere, 255 K. The greenhouse effect is thus a central feature of Earth's climate system.
It must be stressed that the several fluxes given above are averages of quantities that exhibit large spatial and temporal variation, a consequence of diurnal and seasonal variation in solar irradiance and also of large variation in atmospheric and surface composition, mainly variation in the amount of water, in the form of vapor, clouds, and snow and ice, that greatly affects absorption of longwave radiation and scattering and reflection of shortwave radiation. This variation in the several fluxes presents large challenges in quantifying Earth's radiation budget. In view of measurement uncertainty, the assertion of balance between absorbed shortwave radiation and emitted longwave radiation rests not so much on measurement as on the consequence of an imbalance, which would be manifested by rapid increase or decrease in planetary temperature, The examination of Earth's radiation budget presented here sets the scene for the examination in Resource Letter GECC-2 of the perturbation in this budget due to increases in the amounts of the several greenhouse gases over the Anthropocene and the consequences of these increases for Earth's climate.
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